The human hematopoietic stem cell compartment is
heterogeneous for CXCR4 expression
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The chemokine stromal derived factor-1a (SDF-1a) has been impli-
cated recently in the chemotaxis of primitive human hematopoietic
cells, suggesting that pluripotent human stem cells express the
SDF-1a receptor, CXCR4. By using flow cytometry and confocal
microscopy, we have identified and isolated primitive subsets of
human CXCR4* and CXCR4- cells. Distinctions in the progenitor
content and response to SDF-1« in vitro indicate that CXCR4*+ and
CXCR4~ cells represent discrete populations of primitive blood cells.
The i.v. transplantation of these subfractions into immune-deficient
mice established that both possess comparable engraftment capacity
in vivo. Human myeloid, lymphoid, and primitive CD34+ CXCR4* cells
were present in chimeric animals transplanted with either subset,
indicating that CXCR4+ and CXCR4~ stem cells have equivalent
proliferative and differentiative abilities. Our study indicates that the
human stem cell compartment is heterogeneous for CXCR4 expres-
sion, suggesting that the relationship between CXCR4 expression and
stem cell repopulating function is not obligatory.

stromal-derived factor-1a | xenotransplantation

H uman tissues, including neural, muscle, and hematopoietic,
are ultimately derived from stem cells with immense pro-
liferative and differentiative capacities (1-3). Human stem cells
provide promise for cellular based therapy of muscular, hema-
topoietic, and neurological disorders, the success of which
depends on the ability of donor-derived stem cells to home and
reconstitute their derived tissues after i.v. transplantation. Al-
though little is known about the migratory ability of neural and
muscle stem cells, homing and migration of hematopoietic
reconstituting cells has been well characterized. During early
development, hematopoietic stem cells can be found in various
anatomical locations, including the para-aortic region, fetal liver,
and bone marrow (BM), illustrating that primitive blood stem
cells are capable of extensive migration (4). The migratory ability
of human hematopoietic stem cells (HSCs) in the adult is
demonstrated further in clinical transplantation procedures, by
which primitive human cells seed and sustain donor hematopoi-
esis in the BM of recipient patients (5). In addition, treatment of
patients with granulocyte colony-stimulating factor causes the
mobilization of human HSCs from the BM to the peripheral
blood and is now used routinely for the isolation of peripheral
blood stem cells for autologous transplantation (6). The under-
lying mechanisms responsible for the migration and retention of
human blood stem cells is unknown.

Chemokines are strong candidate regulators of human stem
cell chemotaxis and have been shown to regulate the migration
of human blood progenitor cells (7). Of the large family of
chemokines, stromal-derived factor-le (SDF-1a) was the first
identified as an attractant of immature hematopoietic cells
expressing the primitive blood cell marker CD34 and has been
suggested to play a role in chemically induced mobilization of
HSC in humans (8). Recent studies using human umbilical cord
blood and adult CD34* cells have shown that populations with
the ability to migrate toward SDF-1«a contain cells capable of
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repopulating the BM of nonobese diabetic (NOD) /severe com-
bined immunodeficient (SCID) mice (9). Genetic evidence for
the role of SDF-1a and its receptor CXCR4 in the regulation of
murine hematopoietic stem cells has been examined by using
SDF-1a~/~ and CXCR4~/~ knockout mice (10-12). Null mu-
tations of either ligand or receptor are lethal during embryonic
development; however, transplantation of CXCR4~/~ fetal liver
stem cells into normal recipients permits BM engraftment with
eventual defects in both myelopoiesis and B-lymphopoiesis.
Despite the evidence accumulated from these murine studies,
the expression of CXCR4 on human stem cells and the role that
SDF-1a/CXCR4 interactions may have in BM reconstitution
remains unclear.

Transplantation of human hematopoietic cells into NOD /SCID
mice has proven to be a reliable model for the detection of human
regenerative stem cells of the hematopoietic system (13, 14).
Because candidate human stem cells are transplanted by i.v. injec-
tion, this procedure provides a model to understand the engraft-
ment process of human stem cells that home and seed recipient
tissues. Human hematopoietic repopulating cells identified in this
assay have been shown to be highly enriched among extremely rare
CD34* CD38~ subfractions of lineage depleted (Lin™) cells. These
primitive human blood cells have been operationally defined as
SCID-repopulating cells (SRC; refs. 13 and 15). Additional evi-
dence from gene-marking studies have demonstrated that the
human SRC is biologically distinct and more primitive than human
hematopoietic progenitors detected in vitro (16). Here, we have
identified previously undetected CXCR4* and CXCR4~ subfrac-
tions among neuronal, muscle, and primitive hematopoietic tissues
shown to contain human stem cells. Based on the availability of
human-mouse xenotransplantation assays for hematopoietic stem
cells, the functional properties of hematopoietic subfractions were
analyzed after the isolation of CXCR4* and CXCR4~ subsets
comprising the human CD34* CD38 Lin~ population. As dem-
onstrated by clonogenic progenitor assays and defined liquid cul-
tures, these subpopulations possess distinct progenitors with
diverse-lineage commitment programs and unique regulatory ca-
pacity of CXCR4 in response to the chemokine SDF-1a. In vivo
transplantation of CD34*" CD38 Lin CXCR4* and CD34*
CD38 Lin"CXCR4~ cells demonstrated that these populations
possess equivalent engraftment ability in immune-deficient
NOD/SCID mice. Our data illustrate that CXCR4 expression is
not indicative of human stem cell phenotype or repopulating ability,
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indicating that the role of SDF-1a/CXCR4 interactions in recon-
stitution remains to be elucidated.

Materials and Methods

Human Cells. Samples of full-term and early gestational human
umbilical-cord blood (CB), human fetal neural tissue, and
human skeletal muscle from the tibialus anterior were obtained
in conjunction with local ethical and biohazard authorities of the
University of Western Ontario and London Health Sciences
Center. Human neural and muscle tissue was disassociated with
0.5% collengenase treatment in Hepes buffer. Whole blood was
diluted (1:3) in «-MEM (GIBCO/BRL) or PBS, and mononu-
clear cells were collected by centrifugation on Ficoll-paque
(Amersham Pharmacia) as shown (17).

Purification of Primitive Cell Populations. Lin~ cells were isolated
from human hematopoietic sources by using a standard immu-
nomagnetic separation protocol (15, 17). Lin~ cells were stained
with one of two distinct anti-human CXCR4 clones; 12 g5
(PharMingen) or 44717.111 (R&D Systems) conjugated to phy-
coerythrin (PE) together with CD34 and CD38 conjugated to
FITC and allophycocyanin (Becton Dickinson) and sorted on a
Vantage SE (Becton Dickinson) to isolate CXCR4* and
CXCR4~ subfractions from the CD34* CD38 Lin~ cell frac-
tion. Sorting gates were established on Lin~ cells stained with
IgG1 conjugated to the appropriate fluorochromes (Becton
Dickinson).

Confocal Microscopy. CD34" CD38 Lin  CXCR4*, CD34"
CD38 Lin~ CXCR4™~ populations, and CD34" CD38 Lin~ cells
stained with IgG1-PE were purified and mounted on glass slides.
Cell surface fluorescence was visualized on a Zeiss LSM-410
laser scanning microscope. Emission from CD34~ FITC (515-
540 nm) and either CXCR4 PE or IgG1-PE (560 nm) was
detected after excitation with a 488-nm and 533-nm laser,
respectively.

Colony-Forming Cell Assays. Human clonogenic progenitor assays
were performed by plating equal numbers of CD34*
CD38 Lin CXCR4" and CD34" CD38 Lin CXCR4~ cells
with Methocult H4434 (Stem Cell Technologies). Differential
colony counts were assessed after incubation for 10-14 days at
37°C and 5% CO; in a humidified atmosphere.

Treatment with SDF-1a in Serum-Free (SF) Cultures. SF cultures
contained 9,500 BIT media (StemCell Technologies) supple-
mented with 107% M B-mercaptoethanol, 2 mM L-glutamine
(GIBCO/BRL), and growth factors consisting of 300 ng/ml
rhu-stem cell factor, 50 ng/ml rhu-granulocyte colony-
stimulating factor (Amgen Biologicals), 300 ng/ml rhu-Flt-3, 10
ng/ml rhu-IL-3, 10 ng/ml rhu-IL-6 (R&D Systems). Cultured
subfractions were incubated for 24 h at 37°C and 5% CO, in the
presence or absence of 1 ug/ml rhu-SDF-1a (R&D Systems). As
a control for nonspecific binding, Lin~ cells were stained with
IgG-PE, analyzed by FACS, and seeded in the same manner.
Cells were harvested and either analyzed directly or stained with
anti-human CXCR4, or IgG1-PE (controls), before analysis.

Transplantation of Purified Human Hematopoietic Cells into
NOD /LtSz-scid /scid (NOD /SCID) Mice. NOD /SCID mice (8 weeks
old) were derived from breeding pairs originally obtained from
The Jackson Laboratory and maintained under defined flora in
the animal facility of the Robarts Research Institute at the
University of Western Ontario. Mice were sublethally irradiated
at 355 c¢Gy by using a 137Cs +y-irradiator before i.v. injection of
purified human cells. Mice transplanted with 10,000 cells or less
were cotransplanted with 100,000 Lin* irradiated (1,500 rad)
accessory cells (18).
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Analysis of Human Cell Engraftment. Genomic DNA was extracted
from the BM, liver, lung, spleen, kidney, and skeletal muscle of
NOD/SCID mice killed 6-8 weeks after transplant, and 1 pg of
DNA was digested with EcoRI, transferred, and probed on a
Southern blot by using a human chromosome-17-specific a-satellite
probe (p17HS) (14). Quantitation was performed by comparison of
the 2.7-kb band to standards of known mouse and human DNA
mixtures, with a level of resolution equal to 0.1% human DNA
representing the lower limit of detection for human chimerism.

Flow Cytometric Analysis of Murine BM. BM cells were stained with
fluorochrome-conjugated antibody specific to human CD45 (a
panleukocyte marker) and CD38 (Becton Dickinson Immuno-
cytometry Systems) and analyzed by flow cytometry. Murine BM
cells from engrafted animals were further stained with CD45
allophycocyanin (PharMingen) and gated to analyze human cells
only in combination with either CD20 FITC and CD19 PE, CD33
FITC (Becton Dickinson Immunocytometry Systems) and CD13
PE (Immunotech), CD34 FITC and CD38 PE (Becton Dickin-
son Immunocytometry Systems) or CXCR4 PE (R&D Systems)
monoclonal antibodies for multilineage analysis.

Results

Identification of Primitive CXCR4* and CXCR4~ Subsets in Human
Hematopoietic Tissue. To examine the expression of the chemokine
receptor CXCR4 on stem cell containing populations in the human,
single-cell suspensions of human skeletal muscle and neural cells as
well as primitive Lin~ cells from neonatal hematopoietic tissue were
stained with PE-conjugated monoclonal antibodies recognizing
human CXCR4 and analyzed by flow cytometry. Cells expressing
CXCR4 comprised 22.4 * 5.6% and 0.6 = 0.3% of human neural
and muscle tissue, respectively, whereas primitive CB cells were
73 £ 3.4% CXCRA4™" (Fig. 14i-Aiii). These data illustrate the global
nature of CXCR4 and the potential importance of CXCR4/SDF-1
interactions in a variety of human tissues.

Determining the expression of CXCR4 on human stem cells and
its significance to properties of homing and migration for tissue
regeneration requires the use of functional assays that allow stem
cell detection. Mainly because of the development of well defined
in vitro and in vivo xenotransplantation assays available, human
hematopoietic stem cells are arguably the most rigorously tested
human stem cells to date. Because similar assays have yet to be
created for human muscle and neural regenerative stem cells, the
potential of CXCR4 expression on human stem cells was addressed
by using the hematopoietic compartment. Because isolation of rare
target cells requires highly purified fractionation before functional
properties can be evaluated, we assessed the ability of two PE-
conjugated antibodies, recognizing distinct epitopes of CXCR4, to
efficiently select CXCR4~ (Fig. 1 A4iii, gated R1) and CXCR4* (Fig.
1Aiii, gated R2) subfractions by FACS. Lin~ cells contained two
subsets of CXCR4~ and CXCR4" cells with either 12 g5 or
44717.111 monoclonal antibodies (Fig. 1Aiii). Fluorescence of
CXCR4~ subpopulations was equal to unstained or isotype control
cells, whereas CXCR4™ cell fluorescence was approximately two
orders of magnitude higher (Fig. 1Aiii). Primitive CD34"
CD38 Lin~ cells (Fig. 1A4iv, gated R3) were selected based on
CXCR4 expression and contained approximately 81.6 = 5.1% of
CXCR4" and 16.8 == 1.9% CXCR4™ cells (n = 6). Isolated CD34"*
CD38 Lin CXCR4™ and CD34* CD38 Lin- CXCR4™ cells were
reanalyzed by FACS analysis and examined by confocal microscopy,
verifying purities of >98% (Fig. 1B). As a control for nonspecific
fluorescence in the PE channel, CD34* CD38 Lin~ cells from the
same parent population were stained and isolated with mouse IgG1
conjugated to PE (Fig. 1Bi) and compared with the CXCR4~ and
CXCR4" subsets (Fig. 1 Bii and Biii) selected with CXCR4™PE
antibodies. Confocal microscopy demonstrated similar fluorescent
properties between CD34* CD38~Lin~CXCR4 ™ and isotype IgG-
PE-stained CD34* CD38 Lin~ cells (Fig. 1, compare Bi and Bii),
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Fig. 1. Isolation of CXCR4* and CXCR4~ subfractions within primitive human
hematopoietic populations. (A) A representative FACS analysis of human neuro-
nal (i), muscle (ii), and CB cells (Lin™) (iii), stained with either 12 g5 or 44717.111
anti-human CXCR4 antibodies conjugated to PE. The percentage of CXCR4 ™ cells
detected is given above each positive gate as the mean + SEM of four (neural),
two (muscle), and six (hematopoietic) different samples. CB Lin~ cells stained with
mouse IgG1 served as isotype to establish sorting gates for the purification of
CXCR4~ and CXCR4* hematopoietic subpopulations indicated as R1 and R2,
respectively (iii). Subpopulations of CD34* CD38 Lin™~ cells were isolated by using
the R3 sorting gate (iv). (B) CD34* CD38 Lin~ cells stained with IgG1-PE were
analyzed by FACS and confocal to serve as a control (i). Fluorescence of control (i)
was compared with purified CD34* CD38~Lin CXCR4~ (R1 and R3) and CD34*
CD38 Lin CXCR4" (R2 and R3) cells, a measure of sort purity (ii and iii). Selected
CXCR4~ cells were restained for CXCR4 by using 12 g5 or 44717.111 and reana-
lyzed to verify the absence of any CXCR4* cells (iv). For confocal microscopy,
primitive CD34" CD38 Lin~ cells stained with isotype control, CD34*
CD38 Lin"CXCR4~, and CD34* CD38 Lin~CXCR4* cells were isolated by FACS
and visualized with a Zeiss LSM-410 confocal microscope at random z-planes.
Representative photographs depicting the PE and FITC fluorescence from CD34*
CD38"Lin~ isotype control (i), CD34* CD38 Lin"CXCR4~ (ii), and CD34"
CD38"Lin" CXCR4™ (jii) cells are presented along side each corresponding popu-
lation reanalyzed by FACS (n = 4).

whereas CD34" CD38 Lin CXCR4" cells displayed a much
higher intensity of CXCR4 expression (Fig. 1Biii). This analysis
confirmed the absence of CXCR4 on the surface of purified
CXCRA4~ cells. Expression of CD34 detected in the FITC (green)
channel was uniformly distributed along the cell membrane at
similar levels in all purified subpopulations (Fig. 1 Bi-Biii), illus-
trating equivalent cell surface expression of a protein independent
of CXCRA4. To confirm that contaminating CXCR4* cells were not
present within purified CXCR4 ™~ subsets because of inefficiencies
in antibody staining or isolation, sorted cells were restained with
either 12 g5 or 44717.111 antibodies and reanalyzed. As demon-
strated in the initial FACS selection (Fig. 1Bii), 98% purity was
maintained (Fig. 1Biv). In addition, no CXCR4" cells were de-
tected in purified CD34" CD38 Lin”"CXCR4~ populations
restained with the alternate antibody to that used for isolation of
CXCR4 subsets (data not shown), suggesting that differences in the
epitope specificity of these antibodies had no effect on the ability
to isolate CXCR4~ or CXCR4* subfractions of CD34"
CD38 Lin~ cells. Our analysis of primitive human CD34"
CD38~Lin~ blood cells by flow cytometry and confocal microscopy
illustrates the presence of CXCR4" and CXCR4~ subpopulations
within this primitive fraction, and demonstrates that these subsets
can be isolated into distinct, highly purified populations for func-
tional comparison.

Progenitor Capacity and Response to SDF-1a« of CD34*
CD38-Lin~CXCR4* and CD34+ CD38~Lin~CXCR4~ Cells in Vitro. Prim-
itive CD34* CD38 Lin~ cells are highly enriched for clonogenic
progenitors detected by colony-forming cell (CFC) assays (19-21).
To determine the clonogenic capacity of CXCR4" and CXCR4~
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Fig.2. Distribution of clonogenic progenitor subtypes and regulation of CXCR4
in response to SDF-1a within CXCR4" and CXCR4~ fractions derived from the
CD34" CD38 Lin~ population. Primitive CXCR4* and CXCR4~ subfractions of
CD34" CD38 Lin~ CB cells were cultured in methylcellulose media containing
human cytokines, and the colony number and type were enumerated after 10-14
days. CXCR4" and CXCR4~ subfractions contained the same frequency and plat-
ing efficiency (PE) of CFU as represented by the number of colonies per 200 cells
(A, Inset). The proportion of CFU-M, CFU-G, CFU-granulocyte/macrophage,
burst-forming units E, and CFU-GEMM contributing to the total number of CFU
detected within primitive CXCR4 " and CXCR4~ subfractions is given as a relative
percentage based on mean values = SEM, n = 5. Significant differences were
found between the percentage of CFU-G (*P < 0.01) and burst-forming units E
(**P < 0.05) detected in CXCR4" and CXCR4~ subfractions. Purified CD34"
CD38 Lin"CXCR4" cells (Bi) and CD34* CD38 Lin  CXCR4~ cells (Bii) were cul-
tured for 24 h in SF conditions shown to sustain human repopulating cells in the
presence or absence of SDF-1a and analyzed for the level of CXCR4 expression by
FACS. Values are expressed as the percentage of mean fluorescence intensity
(MFI) as compared with uncultured cells. Changes in the amount of cell surface
CXCR4 detected on SDF-1a treated (black) and untreated (purple) populations
were determined by direct reanalysis after in vitro culture of CD34*
CD38 Lin CXCR4™" (Bi) and CD34* CD38 Lin~ CXCR4~ (Bii) cells. Cells restained
with anti-human CXCR4~PE in the absence (green) or presence (yellow) of SDF-1a
were reanalyzed. Average MFI and SEM values are based on analysis of purified
samples from at least three independent samples. Significant differences are
indicated with asterisks (*P < 0.001, **P < 0.005).

subfractions within the CD34* CD38 Lin~ population, cells were
plated in methylcellulose media containing human cytokines. The
frequency of CFC was equal in both populations, suggesting that
selection of subpopulations based on CXCR4 expression does not
bias primitive progenitor content (Fig. 24, Inset). A significantly
higher percentage of granulocytic precursors (CFU-G) were found
among CD34* CD38 Lin CXCR4™* cells (P < 0.01), whereas a
higher percentage of erythroid precursors (burst-forming units E;
P < 0.05) was demonstrated among CD34* CD38 Lin~ CXCR4~
cells (Fig. 2). These in vitro data provide further evidence of the
purity of CXCR4" and CXCR4~ subfractions and indicate that
selection of primitive CB cells based on CXCR4 expression enriches
for progenitors with myeloid potential.

Previous studies have suggested that interactions between
SDF-1a and CXCR4 are necessary for the homing and retention of
primitive human CD34" cells within the BM (8). Because engraft-
ment of repopulating cells is established within 24 h after trans-
plantation (22),**%" we used SF culture conditions that maintain

**Traycoff, C. M., Leonard, E., Plett, A., Tong, X. & Srour, E. (1999) Blood 94, Suppl., 41a
(abstr.).

*tCashman, J., Nicolini, F. & Eaves, C. (1999) Blood 94, Suppl. 651a (abstr.).
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primitive quiescent cells without inducing mitotic division for 24 h
(17,19, 23, 24) to determine whether novel CXCR4* and CXCR4~
subfractions of CD34" CD38 Lin~ were able to regulate CXCR4
in response to SDF-1a. Purified CD34* CD38 Lin-CXCR4* and
CD34* CD38 Lin CXCR4~ populations were analyzed by flow
cytometry to obtain initial “day-0" levels of CXCR4 expression as
measured by mean fluorescence intensity (MFI). The MFI was
determined by using saturating concentrations of CXCR4 antibody
optimized in the subset isolation experiments shown in Fig. 1.
Purified cells were cultured in the presence or absence of rhu-
SDF-1« for 24 h and then harvested for direct analysis by flow
cytometry or restained with anti-human CXCR4 before analysis.
Direct analysis of CD34* CD38 Lin~ CXCR4™ cells showed a 70%
decrease in surface CXCR4 expression when cultured in the
absence or presence of SDF-la (Fig. 2Bi, purple and black).
However, the restaining of cells cultured in the absence of SDF-1«
indicated that CXCR4 expression was maintained as compared
with de novo-isolated cells (Fig. 2Bi, green), whereas the presence
of SDF-1« inhibited maintenance of CXCR4 cell surface expres-
sion (Fig. 2Bi, yellow). These data indicate that only CXCR4* cells
cultured in the absence of SDF-la were able to demonstrate
CXCR4 expression equivalent to that of de novo-isolated CXCR4*
cells and originally expressed (antibody-bound) CXCR4 was down-
regulated to the same extent in cultures with or without SDF-1a.
We suggest that levels of surface CXCR4 remain at a steady state
on primitive CXCR4™" cells in the absence of SDF-1e, but these
levels are significantly decreased in its presence. These observations
may be the consequence of multiple regulatory mechanisms com-
mon to G-coupled protein receptors, such as CXCRA4, that include
recycling, internalization, and down-regulation (25).

In the absence or presence of SDF-la, CXCR4 remained
undetectable on cultured CD34" CD38 Lin"CXCR4~ cells
relative to de novo-isolated populations (Fig. 2Bii, purple and
black). In the absence of SDF-la, restained CXCR4~ cells
demonstrated low but detectable levels of CXCR4 (Fig. 2Bii,
green), whereas addition of SDF-1a suppressed this modest
increase (Fig.2Bii, yellow). Therefore, although CD34*
CD38 Lin"CXCR4~ cells regulate CXCR4 expression in re-
sponse to SDF-la in a similar manner to CD34%
CD38 Lin"CXCR4™ cells, the extent of this response, as mea-
sured by changes in level of CXCR4 expression, illustrates that
these two subsets represent physiologically distinct populations.
Because no increase in the level of CXCR4 expression was
detected immediately after isolation (Fig. 1 Bii and Biv), or 1 h
subsequent to culture in the absence of SDF-1 (data not shown),
we suggest that primitive CXCR4~ cells are unable to up-
regulate CXCR4 within a time frame determined to be critical
for stem cell engraftment in vivo (9).**17

Human CXCR4+ and CXCR4- Cells Are Capable of Reconstituting
Function with Equivalent Engraftment and Developmental Capacity in
Vivo. The NOD /SCID mouse has been used as a model system to
understand seeding efficiencies and navigation of human stem cells
after in vivo transplantation (22, 26).**™ To identify whether
CXCR4 expression of de novo-isolated cells correlated with en-
graftment and repopulating function, CXCR4" and CXCR4~
subpopulations were isolated from human full-term and earlier
gestational umbilical CB and transplanted by i.v. injection into
NOD/SCID mice. CXCR4~ and CXCR4* cells were restained
with anti-human CXCR4 and resorted to ensure a high degree of
purity as shown in Fig. 1. Individual NOD/SCID mice were
transplanted with highly purified CXCR4" or CXCR4 ™~ subsets of
either CD34" CD38 Lin~ or CD34* Lin~ populations, and the
percentage of engrafted mice (human chimerism =0.1% by FACS
and Southern blot analysis) was compared between each subset.
When transplanted at doses ranging from 330 to 300,000 cells, both
primitive human CXCR4* (n = 29) and CXCR4~ (n = 20) subsets
were capable of engrafting NOD /SCID mice at frequencies of 69%
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Fig. 3. NOD/SCID repopulating cells with equivalent engraftment and

multilineage proliferation capacity exist in highly purified CXCR4*
and CXCR4~ populations. (A) Summary of the level of human cell engraft-
ment in the BM of NOD/SCID mice transplanted with CB-derived
CD347CD38 CXCR4 Lin~ and CD34*CD38 CXCR4* Lin~ cell populations (@)
or CD347 Lin~CXCR4™ and CD34™" Lin"CXCR4~ (O). The percentage of human
cells present in the murine BM 8 weeks after transplantation was determined
by flow cytometric analysis of human CD45 and by Southern blot analysis for
human «- satellite DNA sequences. (Bi) Representative Southern blot analysis
of mice transplanted with 20,000 or 5,000 purified CD34* CD38~Lin~CXCR4~
and CD34" CD38 Lin CXCR4™ cells. (Bii) Detection of human chimerismin BM,
liver, lung, muscle, spleen, and kidney from two individual NOD /SCID mice
transplanted with primitive CXCR4" and CXCR4~ cells. (C) Representative
FACS analysis of human cells in the BM of NOD/SCID mice transplanted 8
weeks earlier with CXCR4* or CXCR4~ subfractions of Lin-CD34+CD38" cells
derived from CB. Cells were removed from the femur, tibia, and iliac crests of
transplanted NOD /SCID mice and stained with the human-specific monoclo-
nal antibody against panleukocyte-marker CD45 in combination with other
human differentiated cell markers indicated. Surface-marker profiles of hu-
man cells were obtained by gating on the human cell component (CD45") of
BM-derived cells. Dot plots show CD19 and CD20 B-cell markers (Ci), CD33 and
CD13 myeloid cell markers (Cii), CD38 and CD34 primitive cell markers (Ciii),
and CD34 primitive cell marker and the CXCR4 chemokine receptor (Civ).

and 55%, respectively. These results are summarized in Fig. 34. A
representative example of human chimerism detected by Southern
blot analysis of DNA extracted from the BM of mice transplanted
with 20,000 and 5,000 purified cells illustrates that comparable
levels of engraftment result from either CXCR4~ or CXCR4* stem
cells (Fig. 3Bi). Furthermore, transplantation of equal numbers of
CXCR4" and CXCR4~ cells resulted in similar levels of human
chimerism in NOD/SCID mice demonstrating equivalent prolif-
erative capacity of these two stem cell subsets (Table 1). Because
the degree of human chimerism in individual NOD/SCID mice
partly depends on the number of stem cells transplanted, the actual
number of CXCR4~ and CXCR4* stem cells that result in a single
engrafted NOD /SCID mouse cannot be determined. Accordingly,
limiting-dilution analysis was performed to quantitate the number
and frequency of repopulating cells within CXCR4* and CXCR4~
subpopulations. NOD /SCID mice were transplanted over a dose
range which resulted in nonengraftment in a fraction of mice (Table
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Table 1. Frequency of SRCs in CD34*+CD38~Lin~ cells within the CXCR4* and CXCR4~ fractions of primary human hematopoietic
tissue by limiting-dilution analysis

CD34+CD38 Lin~"CXCR4~ CD34+CD38 Lin~CXCR4*

Cell number transplanted
into NOD/SCID mice

Frequency of engraftment  Level of human chimerism  Frequency of engraftment  Level of human chimerism

50,000 to >10,000 (100%) 3/3 15.3% = 14.8 (100%) 6/6 9.0% * 6.6
10,000 to >5,000 (75%) 3/4 0.23% = 0.08 (66%) 2/3 0.1% = 0.00
5,000 to =1,000 (40%) 2/5 0.2% = 0.00 (43%) 3/7 0.6% = 0.5
<1,000 (20%) 1/5 0.1% = 0.00 (14%) 1/7 0.1% = 0.00

The proportion of human-engrafted mice and average level of human chimerism, at individual cell doses transplanted is expressed as a percentage for both
CD347CD38 Lin " CXCR4" and CD34*CD38 Lin~ CXCR4 ™~ purified populations. The total number of positive mice over the total number transplanted is expressed
as a fraction for each cell-dose range. Poisson statistics were applied to the single-hit model, and the frequency of SRCs calculated with the maximum likelihood
estimator was determined to be 1 SRC in 1,521 CD34*CD38 Lin"CXCR4™" cells, n = 23 (95% confidence limits; 1 in 1,220 to 1 in 1945) and 1 SRC in 1844

CD347CD38 Lin"CXCR4~ cells, n = 17 (95% confidence limits; 1in 1,315 to 1in 2,210).

1). Data from these limiting-dilution assays of CXCR4~ and
CXCR4™ cells were pooled for statistical analysis, according to the
method described by Porter and Berry (27, 28) applied to this
system (15, 29, 30). A similar frequency of repopulating stem cells
was found within CXCR4~ and CXCR4* subfractions by using the
single hit Poisson model (Table 1). Our data provide quantitative
evidence that engraftment capacity and frequency of primitive
human stem cells capable of repopulating the BM of transplanted
recipients is distributed equally between CXCR4" and CXCR4~
cells within the human stem cell compartment.

Recent studies have shown that in addition to the BM, function-
ally primitive human cells can be identified in a variety of tissue sites
in the NOD /SCID mouse (22, 26). These tissues have been shown
to contain human SRC by secondary transplantation 24—48 h after
primary transplant, and therefore indicate that homing of human
SRC is not exclusive to the murine BM microenvironment. Al-
though high levels of human engraftment can be detected in murine
tissues after 6—8 weeks after transplantation of NOD /SCID mice,
this chimerism unlikely is caused by human cells in the circulation
of chimeric animals, because little to no human cells can be detected
in the peripheral blood of mice engrafted at high levels in the BM
and tissues (31, 32). Taken together, it seems that human engraft-
ment in the BM or tissue sites of NOD /SCID mice is caused by the
immediate migration and seeding of SRC into several compart-
ments. To further evaluate whether the in vivo-engraftment poten-
tial of CXCR4* and CXCR4~ SRC is equivalent, tissues were
removed from the lung, liver, spleen, kidney, and muscle of animals
6—-8 weeks after transplantation and examined for human chimer-
ism. Southern blot analysis representing the human DNA content
in tissues removed from 4 and 6 mice, transplanted with primitive
CXCR4~ and CXCR4™ cells, respectively, is shown in Fig. 3Bii.
Human cells were detected in each of the organs analyzed regard-
less of whether they were transplanted with human CXCR4* or
CXCR4~ populations. Our results demonstrate that the in vivo-
engraftment capacity of CXCR4" and CXCR4~ SRC is similar,
irrespective of whether engrafted tissue is associated with SDF-1
production. Based on these findings, we suggest that the human
repopulating function may involve properties other than CXCR4
and SDF-1« interactions.

Human blood stem cells are defined by their ability to give rise
to multiple lineages in vivo. Accordingly, we examined and com-
pared the pluripotent capacity of CXCR4* and CXCR4~ repop-
ulating cells in the BM of engrafted mice by flow cytometry. The
human cell component within the BM of mice transplanted with
CD34" CD38 Lin"CXCR4~ or CD34* CD38 Lin CXCR4"
cells at doses ranging from 40,000 to 5,000 cells was analyzed by
gating the fraction of cells expressing the human specific panleu-
kocyte marker CD45 (n = 8). Mice transplanted with either
CXCR4" or CXCR4~ primitive cell fractions contained human
B-lymphoid cells, demonstrated by the presence of CD19 * and
CD20 * cells (Fig. 3Ci) and myeloid cells at various stages of
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differentiation as shown by the expression of CD33 and CD13
(Fig.3Cii). Therefore, although differences exist in the proportion
of myeloid progenitors within the CXCR4* and CXCR4~ subfrac-
tions of CD34" CD38 Lin~ cells detected in vitro, repopulating
cells existing within these fractions sustain similar myelopoietic
potential in vivo. Although the granulocytic potential seems to be
augmented in mice transplanted with CXCR4~ SRC as compared
with CXCR4* SRC, this difference was not significant. In both
CXCR4" and CXCR4™ transplanted mice, human cells expressing
CD34 and CD38 surface receptors were also detected, including a
small population of immature CD34* CD38~ cells (Fig. 3Ciii).
Surprisingly, analysis of mouse BM using anti-human CXCR4
indicated that >99% of the human cell component expressed
CXCR4, and very few, if any, human cell types, including primitive
CD34* cells, were devoid of CXCR4 cell surface expression (Fig.
3Civ). Taken together, our data demonstrate that CXCR4* and
CXCR4™ repopulating cells possess an equivalent proliferative and
differentiative capacity in vivo, suggesting that the selection of
human stem cells based on CXCR4 expression does not provide any
advantage for human blood cell transplantation and may, in fact,
result in the loss of a biologically important population of human
reconstituting stem cells.

Discussion

Our study demonstrates the presence of CXCR4-expressing cells
within human neural, muscle, and primitive hematopoietic tissue
shown to contain pluripotent stem cells. Extensive purification of
primitive human hematopoietic tissue determined that de novo-
isolated CXCR4" and CXCR4~ subfractions of CD34* CD38-
Lin~ populations each contain pluripotent hematopoietic re-
populating cells. After in vitro stimulation in response to human
cytokines, the level of CXCR4 expressed on CD34"
CD38 Lin"CXCR4~ cells was significantly lower than CD34"
CD38 Lin"CXCR4" cells, illustrating that these subsets are
physiologically distinct. The proportion of myeloid progenitors
comprising CXCR4~ and CXCR4* subsets was also unique. The
CD34" CD38 Lin~ CXCR4" population was enriched for gran-
ulocytic precursors, and contained a significantly lower percent-
age of erythroid precursors compared with the CD34*
CD38 Lin~ CXCR4~ population. However, primitive CXCR4*
and CXCR4~ populations were equivalent in their homing and
engraftment ability to a variety of tissue sites, in addition to their
proliferative and differentiative capacity in vivo. Our data dem-
onstrate that subpopulations distinguished by CXCR4 expres-
sion exist within human CD34* CD38 Lin~ populations and
contain a similar frequency of human repopulating cells. We
suggest that the role of CXCR4 in human stem cell selection and
function during in vivo reconstitution remains to be character-
ized and is more complex than previously surmised.

Studies have shown that the ability of hematopoietic cells,
including primitive CD34™" cells, to migrate toward SDF-1a by using
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transwell assay systems does not correlate with the expression of
CXCR4 (33, 34). It is therefore possible for cells to migrate to
SDF-1 and be devoid of CXCR4 expression. In addition, recent
evidence shows that SDF-1 may induce the repulsion of CXCR4-
expressing cells, indicating that interactions between SDF-1 and
CXCR4 are not concomitant with chemoattraction (35). Taken
together, these studies suggest that the relationship between SDF-
1-induced chemotaxis and CXCR4 remains to be defined. By using
an in vivo approach in our study, human CXCR4~ cells were
capable of engrafting the BM microenviroment and several other
tissue sites not previously thought to express SDF-1«, supporting
the observations that CXCR4~SDF-1 interactions are not critical
for stem cell function. Our identification of human CXCR4~ cells
with multilineage repopulating capacity is in contrast to studies in
which primitive subpopulations capable of migrating to the che-
mokine SDF-1 were shown to have repopulating ability in
NOD/SCID mice (9). It is likely that transwell assays may be
inefficient at separating primitive CXCR4* and CXCR4~ popu-
lations, as compared with well established flow cytometric tech-
niques classically used for stem cell isolation, and these differences
in cell selection may explain the discrepancy between our current
study and that of Peled et al. (9). The limitation in transwell assays
to detect and separate rare cells at high purity, such as human stem
cells, is supported by data generated by these same investigators in
which human repopulating cells were detected, albeit at a lower
frequency than migrating cells, among cell fractions that were
unable to migrate to SDF-1. From these studies, it is evident that
a greater proportion of repopulating CD34* cells exist in the initial
population that have migrating ability, however, in the absence of
complete frequency analysis by limiting-dilution experiments, it is
difficult to conclude whether nonmigrating cells contained equal
frequency of human SRC as compared with migrating cells. This
conclusion is further supported by phenotypic analysis of migrating
and nonmigrating fractions, because both fractions contained prim-
itive CD34" CD38 cells and cells expressing cell surface
CXCR4.# Our demonstration that CXCR4 ™~ repopulating cells are
present in the human is in agreement with two independent studies
in which hematopoietic reconstituting cells from the fetal liver of

*Lapidot, T., Peled, A., Petit, |., Kollet, O., Magid, M., Ponomaryov, T., Franitza, S.,
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CXCR4 knockout mice were able to home and reconstitute the BM
of lethally irradiated adult recipients (36, 37). The progeny of
CXCR4~/~ murine repopulating cells were unable to disseminate
appropriately in the recipient animals, indicating that CXCR4 may
be critical to the organization and migration of mature committed
progeny. This observation is similar to our analysis of transplanted
NOD/SCID mice where virtually all mature human cell progeny
are CXCR4*. Taken together, our identification of candidate
human CXCR4~ HSC and the ability of CXCR4~/~ murine stem
cells to migrate to the BM of lethally irradiated recipients indicates
that CXCR4 is not necessary for repopulating function.

The identification of human SRC within the CXCR4 ™~ subfrac-
tion of primitive CD34" CD38 Lin~ cells establishes that CXCR4
is not a suitable marker for purification or diagnostic analysis of
human HSC:s before transplantation. Furthermore, the presence of
unique CXCR4" and CXCR4~ subsets within the CD34*
CD38 Lin~ population indicates that heterogeneity exists among
repopulating cells within this relatively homogeneous population.
Similar features of the human stem cell compartment have been
demonstrated recently by using CD34 as a putative stem cell
marker, because cells with repopulating ability have been shown
also to reside in a CD34~ subpopulation (30, 38—40). The rela-
tionship between these CD34" and CD34~ stem cells has been
more clearly illustrated recently in the mouse, where CD34 has been
shown to oscillate, and appearance of CD34 on the cell surface
seems to be indicative of stem cell activation (41, 42). Parallel
mechanisms to CD34 expression may prove to be consistent to stem
cell regulation of CXCR4. Nevertheless, removal of hematopoietic
cells that lack detectable CXCR4 expression before transplantation
may result in the loss of a primitive fraction of repopulating cells
that contribute to patient hematopoietic reconstitution. Our study
suggests that, whereas CXCR4 may play an important role in the
regulation of human HSC progeny, its functional relationship to the
homing and engraftment, proliferation, and differentiation of hu-
man stem cells has yet to be fully understood. These findings have
critical implications in the future development of in vivo assays for
human neural and muscle stem cells (2, 3), and suggest that
chemokine receptors, in addition to CXCR4, should be evaluated
in neural and muscle stem cell homing.
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